
Self-‐sufficient	  life	  below	  the	  
planet	  surface

A	  chassis	  for	  survival	  in	  energy	  poor	  environments.	  
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Bacteria

 Many	  short	  programs	  for	  solving	  the	  problem	  of	  
surviving	  in	  diverse	  environments

 Environmentally	  transformative	  activities	  to	  
allow:
 Extraction	  of	  energy	  from	  the	  environment
 Production	  of	  complex	  chemicals	  and	  materials	  from	  
simple	  building	  building	  blocks

 Transformation	  of	  soil	  and	  water
 Self-‐organizing	  for	  producing	  superstructures

 Relatively	  “easy”	  to	  engineer
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Environmental genomics reveals 
a single, slowly evolving, species 
ecosystem deep within the Earth

Dylan Chivian, Eric J. Alm, Eoin L. Brodie, David E. 
Culley, Thomas Gihring, Alla Lapidus, Li-Hung Lin, 
Steve Lowry, Duane P. Moser, Paul Richardson, 

Gordon Southam, Greg Wanger, Lisa M. Pratt, Adam 
P. Arkin, Terry C. Hazen, Fred J. Brockman and T. C. 

Onstott

Based on. 
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Do	  deep,	  sequestered	  microbial	  communities	  
evolve?	  	  If	  so,	  how?

Evander

3.0	  Ga	  basement
2.0	  Ga	  meteorite	  impact
Uplift	  ~2	  km	  at	  90	  Myr
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Mining	  biological	  gold?
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Gihring	  et	  al.	  2006
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dsrB	  gene

Gihring	  pers.	  comm.	  2004
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Candidate	  species	  -‐	  Desulforudis	  Audaxviator

"In Sneffels Joculis craterem quem delibat Umbra Scartaris Julii intra 
calendas descende, Audax viator, et terrestre centrum attinges.”

("Descend, bold traveller, into the crater of the Jokul of Sneffels, which 
the shadow of Scartaris touches before the kalends of July, and you will 

attain the center of the earth.”)
-- Hidden message deciphered from an Icelandic saga that prompts 

Professor Lidenbrock to undertake his travels in Jules Verne’s “Journey to 
the Center of the Earth”

0.1 µm2 µm
Courtesy of G. Southam, UWO
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Ciccarelli et al. 2005
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A	  thousand	  copies	  of	  Hamlet.	  

But	  not	  the	  library	  of	  congress.

Or	  the	  Library	  of	  Babel
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Assuming a steady-state model of growth and 
decay the turn over times can be derived.

The data suggest that turnover times must decrease with 
increasing depth and temperature probably due to the 
harsher environment.  This also means that the average 
age of D. Audaxviator in MP104 is ~580 years.  
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Single Nucleotide Polymorphism’s

Category

Phred≥15
+duplicates

Phred≥25
 +skip first 

50

Phred≥25 Phred≥20
+skip first 50

Phred≥20

Intergenic 7 25 31 87 98

Pseudogenes 0 5 5 10 10

RNA 0 2 2 8 8

Synonymous in protein-coding genes 11 59 68 201 214

Non-synonymous in protein-coding genes 14 91 102 316 339

Total SNPs 32 182 208 622 669

Average rate of SNPs 0.0014% 0.0077% 0.0089% 0.026% 0.028%

Average depth of coverage 9.567 X 8.033 X 8.106 X 8.800 X 8.895 X
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Single Nucleotide Polymorphism’s
• 2x1011 cells => 38 generations 
• mutations per base pair = 1.4x10-5 which is 60 times lower 

than previously reported environmental metagenomes and 
many of the SNP’s are concentrated in a single ORFAN 
gene

• mutations per base pair per generation for E. Coli = 
5x10-9-10 and 50 to 100 generations required for fitter 
individual to change community composition (Chao & Cox, 
1998) 

• at this mutation rate 24 to 27 generations would be 
required to produce observed SNP’s.

• if turn over times per cell are 103 years, then lag times for 
sweeps of a higher fitness mutant would be ~50 to 100 kyr.

• subsurface residence time for this fracture water is > 3 to 5 
myr.  

22Monday, January 17, 2011



Self-‐sufficient	  life	  below	  the	  planet	  surface

 	  Sulfate	  brine	  solutions	  can	  remain	  stable	  in	  martian	  conditions	  
and	  effectively	  lower	  the	  freezing	  point	  of	  water.

 	  Sulfates	  have	  been	  shown	  to	  be	  widespread	  on	  the	  surface	  of	  
Mars	  and	  sulfate-‐brine	  solutions	  have	  been	  correlated	  with	  recent	  
water	  activity.

 Subsurface	  would	  be	  the	  likely	  first	  target	  for	  environmental	  
deployment	  of	  microbes	  to	  protect	  from	  UV	  damage.

 However,	  martian	  subsurface	  much	  cooler	  than	  our	  South	  African	  
Gold	  Mine.	  Perhaps	  there	  is	  not	  enough	  hydrogen	  for	  the	  key	  
energetic	  reactions	  for	  survival	  to	  execute.	  	  	  	  
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Self-‐sufficient	  life	  below	  the	  planet	  surface

 Ultra	  low	  growth	  rates	  with	  “persistent”	  activity.

 Resultant	  low	  mutation	  rates

 Chemoautrophic	  to	  allow

 Genomics	  systems	  are	  not	  “minimal”	  and	  contain	  
numerous	  stress	  response	  and	  alternative	  metabolic	  
elements	  

 Subsurface	  sulfate	  reducers	  are	  a	  possible	  chassis	  for	  
terraforming,	  biotransformation	  of	  environment	  to	  
chemicals/fuels/materials	  for	  human	  use	  on	  other	  planets
 But	  they	  are	  also	  biocorrosion	  and	  souring	  agents	  

Sulfate	  reducing	  microbes:	  Audax	  viators!
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B!1!A! A!2! 3! B!

Programmable DNA!

Extensible	  Engineering	  of	  
Microbes

Towards	  a	  basis	  set	  of	  homogeneous	  parts	  for	  regulatory	  engineering	  of	  cells.

Programmable transcription!
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Programmable translation!

SH3! PDZ!
SH3! GBD!

HK!

RR1! RR2!

Scaffold logic!

Programmable sensing!
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Signal	  Engineering

Common	  Blueprint
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Controling	  signalling

Separating	  HK-‐RR	  binding	  from
phosphotransfer	  introduces	  an	  
additional	  node	  of	  control.
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Specificity	  through	  Colocalization
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Use	  of	  Modular	  Parts	  to	  Spatially	  Regulate	  
Enzyme	  Activities:	  Modular	  allostery	  and	  

SH3 PDZ
SH3 GBD

HK

RR1 RR2

Scaffold	  logic

Needs:	  
Homogenization	  of	  switch	  designs
Promiscuous	  enzyme	  designs
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Recombinases
•	  	  Interesting	  operations
•	  	  Inversion
•	  	  Insertion
•Excision

•	  	  Nearly	  Boolean

•	  	  State	  accessible	  after	  death	  and	  
transmissible	  between	  cells

•	  	  Geometrically	  programmable?

•	  	  Possible	  huge	  state	  space	  for	  logical	  
machines	  encodable	  in	  relatively	  little	  
DNA

•Flexible	  acceptance	  of	  active	  elements	  
in	  internal	  regions.	  	  

Invertases:	  the	  Fim	  system
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Invertase	  dynamics

Leakless
System	  can	  hold	  “state”	  after	  pulse

1A A

A

1’A AState	  1

State	  0
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1A A2 3

A B

3’A A2’ 1’ 1A A2’ 3

AB

1’A A2 3’

State	  0

State	  1
State	  2

State	  3

Placement	  of	  two	  invertase	  sites.

N!	  input	  sequences
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B1A A2 3 B

A

B

B A

B2’A A1’ 3 B B1A A3’ 2’ B

B2’A A3’ 1 B B3A A1’ 2’ B

State	  0

State	  1 State	  2

State	  3 State	  3

Placement	  of	  two	  invertase	  sites.

€ 

S(N ) = k!C(N ,k)
k=1

N

∑
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Lo
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	  S
)

Number	  of	  Invertases

Number	  of	  devices	  and	  state	  space	  grows	  rapidly	  with	  N.

Configurations	  of	  3	  site	  pairs

€ 

a(0) = 1; for n > 0, a(n) = (2n −1)!!− (2k−1)!!a(n − k)
k=1

n−1

∑

For	  n=N-‐1	  there	  are:

configurations.

If	  the	  minimum	  length	  of	  a	  flippable	  region	  is	  
500	  bp	  and	  inversion	  sites	  are	  30bp	  then	  the	  
device	  is	  less	  than	  2*30*N+500bp	  long	  at	  
minimum.

So	  for	  N=	  10:	  S~	  1011	  and	  L~	  1.1	  kb	  	  	  	  
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Some	  numbers	  to	  contemplate

•106	  microorganisms	  per	  gram	  of	  soil	  (1033	  on	  earth)

•109	  in	  a	  ml	  of	  rich	  media
•Divide	  every	  20	  minutes
•Flip-‐operations-‐per-‐molecule-‐per-‐second-‐per	  cell	  ~	  0.01
•100-‐200	  plasmids	  per	  cell.
•5-‐6	  “machines”	  per	  plasmid
•100-‐1000	  “machines”	  per	  genome
•Plasmids	  passed	  per	  cell	  per	  generation	  ~	  0.01

•What	  is	  the	  computational	  capacity?
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Summary

 There	  are	  promising	  chasses	  that	  might	  
provide	  a	  robust,	  flexible	  starting	  point	  for	  
synthetic	  biological	  engineering	  of	  	  
extraterrestrial	  microbes
 Complex	  materials	  from	  simple	  building	  blocks
 Soil	  Transformation

 Modular	  synthetic	  biology	  is	  allowing	  the	  
reprogramming	  of	  regulation,	  and	  signaling	  
for	  human	  purpose.
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Enablers	  and	  Co-‐dependents

• SRB

– Dylan	  Chivian

– Tullis	  Onstott
– Dwayne	  Moser
– Terry	  Hazen
– A	  large	  number	  of	  others

• Synthetic	  Biology

– Stefano	  Cardinale
– John	  Dueber
– Tim	  Ham
– Julius	  Lucks
– Vivek	  Mutalik
– Stanley	  Qi
– Weston	  Whitaker

– Jay	  Keasling

NSF,	  NASA	  Astrobiology	  Institute	  through	  award	  NNA04CC03A	  to	  the	  IPTAI	  Team
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